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Quick ReferenceData

Impactsof GasolineCompositionon MethanolSolubility

GasolineComposition
(Volume %) Minimum Temp. at Which

Saturates Aromatics Olefins 10%Methanolwill Dissolve

100 0 0 27°C (80°F)
65 21 14 7°C (44°F)
43 2 55 -7°C (20°F)
20 78 2 - 16°C (4°F)

Note: Ethanolandhigheralcoholsdissolvemuchmorereadily in hydrocarbons
than methanol and can be added to a methanol/gasolineblend to
increasemethanol’ssolubility.

Low TemperatureSolubility ofMethanolin Gasoline

Aromatics in Gasoline MethanolSolubility
(Volume %) (Volume %)

-23°to -18°C 0°to 3°C
(-10°to 0°F) (32°to 37°F)

16 2-3 5-10
28 5-10 15-20
31 5-10 >50
42 >50 >50

Effects ofAddingAkohol (Ethanol or Methanol) to Gasoline

- Increasedvolatility
- Volumetric expansion(small but measurable)
- Increasedoctane



5-u PROPERTIESOF ALCOHOL FUELS

OctaneRatings ofLiquid FueLc

Compound OctaneRating(R + M)/2

Gasoline 87-94
Ethanol 97
Methanol 98
MTBE 109
ETBE 110

Energycontent/Volume

Percentby Volume
Lower Relative Heating

Ethanol Gasoline Heating Value Value
(99.5%) (100%) (Btu/gallon) (Gasoline = U

0 100 109,000 1.000
10 90 105,662 0.969
20 80 102,324 0.938
30 70 98,986 0.908

100 0 76,000 0.697

Meansfor OvercomingPhaseSeparation

- Maintaining warm fuel mixture temperaturesand low water
content

- Using chemicaladditives
-- cosolventalcohols
-- surfactants

Useful Terms and Definitions (also seeGlossary)

• Aromatics: High octane blending componentsthat have a beazenering
in their molecularstructure. Commonly used term for the BTX group
(benzene,toluene, xylene). Aromaticsarehydrocarbons.

• Azeotrope: A liquid mixturethat is characterizedby aconstantminimum
or maximum boiling point which is different than that of any of the
components.Azeotropesdistill without changein composition.

• BenzeneRing: structural arrangementof atoms believed to exist in
benzeneand other aromaticcompoundsshowing six carbon atoms in
symmetricalhexagonalfashion.
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• HydrogenBond: A bond betweenthe hydrogenatom of one molecule
anda pair of unsharedelectronson the electronegativeatom of another
molecule.

• Hydroxyl: the chemicalgroupor ion OH thatConsistsof oneatom each
of hydrogen and oxygen, is neutral or positively charged and is
characteristicespeciallyof alcohols.

• OctaneNumber (Rating): A measurementterm used to identify the
ability of a fuel to resist spontaneouscombustion;the lower the octane
ratingthegraterthetendencyfor afuel to prematurelyignite dueto heat
and compressioninside the cylinderandcauseengine“knock.’

- Motor Octane: the octaneastestedin a singlecylinderoctanetest
engine at more severe operating conditions. Motor Octane
Number affects high speed and part throttle knock and
performanceunderload,passing,climbing hills, etc. Motor Octane
is representedby thedesignationM in the (R+ M)/2 equationand
is the lower of the two numbers.

- Pu~npOctane: a termusedto describetheoctaneaspostedon the
retail gasoline dispenser as (R+M)/2 and is the same as
Antiknock Index.

- ResearchOctane: the octaneastestedin a singlecylinderoctane
test engine operatedunder less severe operating conditions.
ResearchOctaneNumber affects low-to-medium speedknock and
enginerun-on. ResearchOctaneis representedby thedesignation
R in the(R+ M)/2 equationandis thehigherof thetwo numbers.

• Olefins: unsaturatedopen-chainhydrocarbonscontainingat leastone
double bond;memberof the ethyleneseries.

• PhaseSeparation: theformationof layersdueto the presenceof water
within alow level alcohol-gasolineblend,with mostof the hydrocarbons
in the upperlayerand water,alcohol,andsomearomatichydrocarbons
in the lower level. This condition can leadto driveability problems.

• Solubility: theamountof a substancethatwill dissolvein a givenamount
of anothersubstanceandis typically expressedas thenumberof partsby
weight dissolvedby 100 partsof solventat a specifiedtemperatureand
pressureor aspercentby weight or by volume.
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Key Issuesand Implications

Issuesand Implications

Issue#1: Solubilityof Methanolin Gasoline

Methanol is not completely soluble in thosegasolineswhich
contain low levelsof aromatic compounds,particularly at low
ambient temperatures. New efforts to reformulategasoline
are likely to result in reduced levelsof aromaticcompounds
in gasoline(primarily becauseof the carcinogeniccharacter
of thesecompounds),which may exacerbatethis problem.

Implicationsof theLow MethanolSolubility:

• In flexible fuel vehicles(FFVs),asyou switch between
methanol (M85) and reformulated (low aromatic
content)gasolines,solubility problemsmay occur.

Solutionsto theSolubilityProblem:

• In order to avoid operationalproblemswith FFVs, it
may be necessaryto use ethanol or “higher” alcohols
(which dissolvemore readily in gasoline)asadditivesto
methanol fuels to improve solubiity with gasoline.

DetailedInformation: Refer to pages 5-2 through 5-3.
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Issuesand Implications (Continued)

Issue# 2: PhaseSeparation

In alcohol/gasolineblends, the presence of water (even in
small amounts) can lead to “phase separation” -- the
formation of layerswithin the fuel or storagetank, with most
of the hydrocarbons in the upper layer and water, alcohol,
and some aromatic hydrocarbons in the lower level. This
problem is most pronounced in low-level alcohol blends and
at low ambient temperatures.

Implicationsof PhaseSeparation:

• Phaseseparationof blends can lead to fuel line freezing
or poor driveability. In flexible fuel vehicles (FFVs),
the presenceof water in the fuel mixturecancausethe
optical fuel sensorto malfunction, which could leadto
driveabiityproblems.

PotentialSolutions

• A number of approachesareavailableto preventphase
separation,including: improvedmaintenanceof gasoline
storage and distribution systems;the use of additives
(suchashigher or “heavyTM alcoholsor surfactants)that
wiU prevent separation evenwhen water is present in a
blend; and water removal facilities at fuel dispensing
stations.

Detailed Information: Referto pages5-7 through5-10.
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COMPATIBILITY OF ALCOHOLS WITH OTHER FUELS
IN BLENDS

• Solubility in Gasoline
• Creationof Mixtures Having Different PropertiesthanConstituentFuels
• Bondingwith Waterand its Implications
• Alcohol/GasolineSeparation
• Methodsto OvercomePhaseSeparation

Introduction

Although ethanoland methanolare completelysoluble in water,
their solubility in gasolinevaries dependingon both temperature
andgasolinecomposition.Adding ethanolor methanolto gasoline
resultsin mixtureshaving differentpropertiesthan the constituent
fuels. In addition,alcohol/gasolineblendshavelessenergycontent
than pure gasoline. In relatively dilute blends (less than 20%),
alcoholscontributeto:
• increasingthe octanenumber and the vapor pressureof the

blend,

• depressingtheboiling temperatureof gasoline;and

• a small but measurablevolume expansion.

Alcohol/gasolineblends are sensitive to the presenceof small
amountsof water, even at room temperature. Becauseof their
polarstructure,ethanolandmethanolmoleculesactively associate
with watermoleculesthrough hydrogenbonds.

This canresult in theseparationof thegasoline/alcoholblendinto
two phases. Paraffinic hydrocarbonspredominatein the upper
phase,while the lower phaseconsistsprimarily of alcohol, water

5-1
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and small quantities of aromatic hydrocarbons. A strategy to
preventthe occurrenceof phaseseparationof alcohol/gasoline
blendsis presentedat the endof this section.

Solubility in gasoline

Gasoline is a mixture of petroleum-derivedhydrocarbonsand
specializedadditives. Its composition varies, dependingon the
desiredoctanerating, the natureof the basepetroleumfeedstock,
theseasonof theyear,andavarietyof otherfactors. Overthe past
20 years,therehasbeena pronouncedtrendin the United States
toward the use of morearomatichydrocarbons(benzene,toluene
and xylene) in the gasoline pool. Although these compounds
vaporize readily and are inexpensive to produce, aromatic
hydrocarbonsposeserioushealthhazardsandcontributeto urban
air pollution. Therefore,efforts to “reformulate” gasolinenormally
include a major reduction in the percentagecomposition of
aromatics. Alcohols and alcohol-basedethersblend more easily
with certain types of gasoline components than others. This is
particulartrue for low molecular-weightalcoholssuchasmethanol.

Policy Issue #1

Methanolandnon-aromatichydrocarbons are not verysoluble
in each other, and solubiities decreaseas temperatureis
lowered. In addition,the solubility of methanol in gasolineis
affected by the chemical nature of the hydrocarbons making
up the gasoline.Methanoldissolveslessreadily in paraffinic
hydrocarbons(such as n-octane, n-hexaneand cyclohexane)
than it doesin aromatichydrocarbons(suchasbenzeneand
toluene).

Solubility is not a problem for alcohol/gasolineblenders today,
sinceethanolandhigh aromaticfeedstocksareused. However, if
methanol is usedas an octaneenhancerin the future, solubility
maybejeopardizedin cold climates,asshownin Table 5-1 below.
[1]
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Table 5-1
Solubility of Methanol in Gasoline

MethanolSolubility,
Aromatics in Volume Percent

Gasoline, -23°to -18°C 0°to 3°C
Volume Percent (-10°to 0°F) (32°to 37°F)

16 2-3 5-10
28 5-10 15-20
31 5-10 >50
42 >50 >50

Minimum
Temperature
at which 10%

GasolineComposition Methanol
Saturates Aromatics Olefins will Dissolve.°C(°F)

100 -- -- 27 (80)
65 21 14 7 (44)
43 2 55 -7 (20)
20 78 2 -15 (4)

For gasolineswith 16%aromatics,for example,5-10%methanolis
soluble at temperaturesabove0°C(32°F),and 2-3% is solubleat
temperatureas low as -23°C(-10°F). This will be important for
methanolblendingwith reformulatedgasolines,whichareexpected
to containsaslittle as20%aromatics(currentgasolinescontain30-
34% aromaticson average). In addition, flexible fuel vehicles
(FFVs)will have to have the ability to switchreadily from onefuel
(suchas M85) to another(such asreformulatedgasoline). Both
fuels will be present in the fuel tank after the switch is made.
Therefore,issuesof solubility andfuel compatibilitywill be more
importantfor FFVs thanfor dedicatedfuel (i.e.,M85) automobiles.
Theadditionof cosolventsandotheradditivescanhelpresolvethis
potentialproblem.

Ethanol and higher alcohols such as isopropanoland 1-butanol
dissolvemore readily in hydrocarbonsfound in gasolinethandoes
methanol,andtheycan be addedto amethanol/gasolineblendto
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increasemethanol’s solubility. Discussions of gasoline/alcohol
“blends” generallyrefer to gasoline/ethanolcombinations(because
of the difficulties associatedwith blendinglower concentrationsof
methanolin gasoline)or gasolinemixedwith otheroxygenatessuch
asalcohol-basedethers(MTBE andETBE).

Creation of Mixtures Having Different Propertiesthan Constituent Fuels

When ethanol and methanolare addedto gasoline,a small but
measurablevolumeexpansioneffectoccurs,as illustrated in Figure
5-1. [2] The expansionof a gasoline/methanolblend reachesa
maximumvalueof about0.2%overabroadrangeof concentrations
from about20 to 80% methanol. Ethanol/gasolineblendsreach
about the samemaximumexpansionbutpeaksharplyat about10-
20% ethanol content. Expansionvaluesfor gasoline/ethanolblends
ashigh as0.55%with a 12.5%concentrationof ethanolhavebeen
observed.

Figure 5-1., Volume increasefor gasoline/ethanoland
gasoline/methanolblends.
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IncreasedOctaneRating

Alcohols andalcohol-basedethershavemuchhigheroctaneratings
than most gasolinesas seenin Table 5-2 below. [3]

Table5-2. Octane ratings of gasolineand oxygenates

Octane Rating
Compound (R+M)/2

Gasoline 87
Ethanol 97
Methanol 98
MTBE 109
ETBE 110

When blendedwith gasoline,alcohols and alcohol-basedethers
contributeto increasingthe octanenumberof the blend. In fact,
the “blending” octanesof alcohols are higher than their octane
ratingswould indicate. Methanolhas a blendingoctaneof 115 at
5% volume in gasoline, and ethanol is rated at 111 at 10% in
gasoline. [4] The use of 10% ethanol will increasethe octane
numberof a basegasolinefrom 2.5 to 3 octanepoints. [5] The
influence of alcohol additions on four base gasoline stocks --

straight run, catalytically cracked,thermally cracked,and polymer
gasoline-- is shown in Figure5-2. [6]

In addition to the octanedatashown, the curves in Figure 5-2
reveal that the greatest improvement in octane number from
alcoholadditionis obtainedfor gasolinestocksof the lowestoctane
number(straightrun andthermallycracked),aswould beexpected.

ReducedEnergy

Sincethe heatingvalue (also called “energy content/volume”)of
ethanol is 76,000 Btu/gal or about two-thirds of that of gasoline
(109,000 - 119,000Btu/gal), blendsof thesefluids will also have
lessenergythangasoline,asshownin Table 5-3. [7]
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Figure5-2.,Increaseof octaneratings ofseveralgasoline
stockswith the additionof ethanol.

Table 5-3 Calorific Values of Ethanol-GasolineBlends

Percent by Volume Lower Relative
Ethanol Gasoline Heating Value Heating Value
(99.5%) (100%) Btu/gal (Gasoline = 1)

0 100 109,000 1.000
10 90 105,662 0.969
20 80 102,324 0.938
30 70 98,986 0.908

100 0 76,000 0.697

This reduced energy per unit of volume will require increasedfuel
flow rates for proper engine operation. When fuels of different
heatingvalue arebeing considered,the energyof the fuel perunit
volume is as equally important as the air-fuel mass ratio.
Therefore, if a high percentagealcohol/gasolineblendis substituted
for gasolinein anautomobile,largermeteringjets mayberequired
to maintain the same percent of the stoichiometric air for
combustion, or the same equivalence ratio. Up to 20% ethanol
blends arenormally accommodatedby current production vehicles
without modifications, and flexible fuel vehicles are designed to
accept any alcohol/gasolinemixture ratios without difficulty.

Research Method Motor Method
100

90

80

70z

60

50

40
0 510152025 0 510152025

Percent by Volume, Ethanol in Blend
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Bonding with Water and its Implications

Low-molecularweight alcoholssuchas methanoland ethanolare
completelysolublein water. Becauseof their polar structure,the
alcohol moleculesactively associatewith water moleculesthrough
hydrogenbonds. Thehydrogenbondsarestrongenoughto prevent
the separationof the water/alcoholmixture by distillation.

Distillation of asolutionof ethanolandwaterwill not yield ethanol
moreconcentratedthan95%. A mixture of 95% ethanoland5%
water boils at a lower temperature(78.15°C)than either pure
ethanol(boiling point or bp = 78.3°C)or purewater(bp = 100°C).
Such a mixture is called an “azeotrope.” Pure ethanol is often
obtainedby adding benzeneto the mixture of 95% ethanoland
waterandthen distilling this solution. Benzeneforms a different
azeotropewith ethanol. This azeotropeboils at 64.9°C,leaving
behindthe water(along with tracesof ethanol). Eventually,pure
ethanol (also called absolute or neat alcohol) is producedby
continueddistillation afterthe benzeneazeotropeis vaporized.

The earlier difficulty of producing water-free (anhydrous or
absolute)alcohol explainswhy older enginetestswere usually run
with alcohol containingsomewater. In more recentyears,it has
becomepracticalto producealcohol with less than0.1% waterat
an acceptablecost, ending the use of the 95% product in fuel
applications.

Alcohol/Gasoline Separation

The solubility of methanolandethanolin gasolinein the presence
of even a small quantityof water is very limited. Even at room
temperatures, only 1-2% of water can be toleratedfor 25-40%
alcohol mixtures before phaseseparation occurs and this tolerance
drops sharplyat lower temperature andat lower alcohol contents,
as shown in Figures 5-3 and 5-4. [8,9] Although both of fuel
alcohols have low water tolerance,methanol is somewhat less
tolerantof waterthanethanolin the 10-20%blending ratios.
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Figure5-3.,Water tolerance of ethanol/gasolineblends.

Whensmall amountsof water areaddedto ethanol/gasoline
or methanol/gasolineblends,hydrogenbonds form between
the water andalcoholmolecules,and the blend separatesinto
two phases. Paraffinic hydrocarbons (such as• n-hexane and
cyclohexane)predominate in the upper phase,while the lower
phaseconsistsprimarily of alcohol,water, andsmall amounts
of aromatic hydrocarbons.The beginningof this separation
is characterizedby a cloudinessor “haze” in the mixture. The
ability of the blend to carry moisture without separation
increases when more alcohol is present, and when
temperature is increased. Phase separation was a serious
problem in early years of gasohol (10% ethanol, 90%
gasoline) usage because the older one-stage distillation
process did not remove all of the water. Under winter
conditions,phase separation could lead to frozen fuel lines
anddifficult starting. Currentproduction practices routinely
produce anhydrous or water-free fuel ethanol, largely
eliminating the problem of phase separation.
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The amount of water that can be tolerated by a 25%
ethanol/gasolineblendat roomtemperatureis about1%. If twice
this amount is added to a sample of 25% blends, most of the
alcoholwill separatefrom the gasolinein a few secondsandsettle
to thebottomof thecontainer. The interfacebetweenethanoland
gasolinewill be sharplydefined. Given the current limited useof
fuel ethanol in the United States and modern production
techniques,waterintrusion hasnot beena seriousissue.

For methanol,however, the presenceof water is a more serious
problem. Dataon thewatersensitivityof methanol/gasolineblends
aregivenin Figure5-4. A blendcontaining10%methanolmustbe
protectedagainstwater in concentrationsgreaterthanabout0.05 -

0.2% (dependingon the fuel’s temperature)or the blend will
separate.To createa nationalproductionanddistributionsystem,
new dedicatedpipelines and storage tanks will be required.
Gasolineasconventionallytransported,however, is often exposed
to water in volumesgreaterthan 1 percent.

Figure
water.

5-4., Methanol/gasoline blends tolerate little
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The evidenceof water intrusion in the existing fuel distribution
systemhasbeenwell documented.[10] Someof this waterresults
from the condensationof moisture from the air in vented and
partially filled tanks,andwhen productscontainingwater are
shippedby pipeline. But most of the water contaminationis
thoughtto resultfrom precipitationpenetratingthesealsof floating
roofs of bulk storagetanks.

Methods to Overcome PhaseSeparation

Considerable researchhasbeenundertaken in the last two decades
to identif~’efficient meansto stabilizealcohol/gasolineblendswhile
preserving the other favorable characteristics of the fuel.
[11,12,13,14] Severalstrategieshavebeenproposedto monitor and
control phaseseparation,and are presentedin a recent review
paper.[15]

Policy Issue #2

Keeping the mixturetemperaturehigh andthe watercontent
low improves the compatibility of gasoline/water/alcohol
mixture. The phase separation problem can be effectively
controlled by current technology, but at a substantial cost.
The use of chemical additives to prevent phase separation
has been extensivelystudied and successfullyapplied. The
most popularadditives are cosolventalcohols (C2-C12) and
variouscommercialnoniomicsurfactantsandvariousanionic
fatty acid surfactants. Among cosolvents alcohols, linear
alcohols are more efficient than branched ones, and their
efficiency increases with the carbon chain length. Iso-
propanol, 1-butanol, n-decanol and palmitic acid have been
suggestedby severalauthorsasthe most cost-effectivephase
separation inhibitors.
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